Investigation of optical back propagation performances under some practical impairments such as non-ideal optical phase conjugation and non-ideal amplifier noise is presented. The results can also be used to determine the optimum operating system parameters under non-ideal conditions.
INTRODUCTION
Optical back propagation (OBP) has been recently introduced as an effective method for compensating transmission impairments due to dispersion and nonlinear effects [1-3]. Compared to optical phase conjugation (OPC) and digital back propagation (DBP), OBP does not suffer limitations such as the need to define the transmission mid-point required by OPC [4] or the computational complexity required by DBP in wavelength-division-multiplexing (WDM) systems [5] . In OBP, the degraded received signal, which is affected by dispersion and nonlinear impairments, first undergoes OPC. This is then followed by several carefully designed spans of dispersion and nonlinearity compensation. It has been shown that the implementation of the compensation spans will influence the overall performance of OBP. On the other hand, OPC can be realized using a variety of methods, such as four wave mixing (FWM) or different frequency generation in a nonlinear medium. In all OPC techniques, the optical signal to noise ratio (OSNR) of the signal will be degraded and this will affect the performance of OBP. However, in all OBP studies performed to date, ideal conditions are assumed and there have been no studies that investigate the impact of impairments such as OSNR degradation due to the OPC process or due to amplifier noise in the compensation spans. While it is expected that such impairments will degrade the performance of OBP, it is useful to quantify this degradation.
OBP SIMULATION UNDER NON-IDEAL CONDITIONS

OBP working principles
If the third order dispersion, cross phase modulation (XPM) and FWM are ignored, the optical field envelope evolution in a fiber optic communication system could be described by the nonlinear Schro dinger equation (NLSE) as [6]:
where
is the dispersion coefficient and γ is the nonlinearity coefficient. The channel loss can be written as
where is the amplifier spacing and α is the fiber loss coefficient. 
We can easily get that:
Then the output of the OBP would be
which is exactly the original field we want to recover and * ( , ) is the complex conjugate of the fiber transmission link output. Split step Fourier method could be used to determine the transfer function of the transmission link.
OBP with non-ideal OPC
One of the key elements in receiver based OBP systems is the optical phase conjugator. Although there are a number of schemes that can actualize OPC, in all those techniques, the OSNR of the signal at the output will be degraded. The experimental results in [7] clearly show that, the OPC comes with several up to dozens dBs of OSNR degradation. We estimate this OSNR degradation by coupling noise to the OPC process. All the simulations performed are for dual-polarization, 32QAM and 25G baud systems. Parameters for the transmission link, highly dispersion fibers (HDFs) and highly nonlinear fibers (HNLFs) are set as follows: Table 1 . Parameter setting for (a) full step-size and (b) half step-size OBP Figure 3 (a) is the BER measurements versus launch power for full step-size OBP with an OSNR degradation in the system from 0 up to 5 , (b) is the same measurement for half step-size OBP. The launch power is pushed to the limit that all the BER curves will cross the forward error correction (FEC) limit twice for both measurements. With a maximum of 5 OSNR degradation after the phase conjugator, the optimized launch power pushes to a higher level and the BER degradation is obvious. It is clearly shown that the half step-size OBP performs better than full step-size OBP under the same circumstances. Figure 3 (c) and (d) are the BER versus transmission distance measurements of the system measured under different OSNR degradations. It is trivial that with higher OSNR degradation in the system, the signal will travel shorter distance until it could not be recovered error free. It is also shown that, under the same OSNR degradation in the system, the signal in half step-size OBP can travel further than the full step-size one. In the full stepsize OBP system, at the FEC limit of 3.8 × 10 , under ideal condition, the transmission reach limits to about 1550 while with 5 of OSNR degradation during the OPC process, the transmission reach is limited to about 850 , which is almost only half of the transmission distance compared to the ideal case. In the half step-size OBP system, the longest transmission distance under FEC limit is for the ideal condition with a distance of 2300 while the shortest transmission distance is less than 1000 when the OPC process introduces 5 of OSNR degradation to the system. That results in a more than half of length reduction of the transmission distance with error free recovery. Launched Power (dBm)
OBP with non-ideal amplifier noise
Besides the OPC process caused OSNR degradation in the system, the in-line amplifier's noise figure (NF) could also affect the performance of OBP. All the previous measurements are based on the ideal noise figure assumption for EDFAs ( = 2), while in real case, a noise figure of 3dB is really difficult to be achieved. In this section, we compare the performances of the systems with the in-line amplifier noise figure of 4.5dB and 12dB. The OPC process degraded the system with an OSNR degradation from 0dB up to 4.5dB by a step size of 1.5dB. The values of 4.5dB and 12dB of noise figures are chosen because EDFAs can have a NF as low as 4.5dB whereas SOAs can have a NF as high as 12dB.
The results are shown in Figure 4 . The simulation results shown above indicate that, there is not much difference shown in the systems' performances with different in-line amplifier noise figures. However in Figure 4 (a), we can still observe that, with the same amount of noise added by the amplifier to the system, the noise affects more on the system with lower OSNR degradation. It is reasonable to have this result since a clear system would more likely to be degraded by the additional amplified noise.
One of the reasons why the in-line amplifiers noise figure does not affect the system performance very much is that, there is an electrical amplifier in the coherent receiver and a band-pass filter. The electrical amplifier and the band-pass filter would also add noise to the system, the noise added by the in-line optical amplifier could be merged into this noise so that the overall effect is not obvious.
CONCLUSION
To conclude, an about 5.7dB power penalty would occur when there is 5dB of OSNR degradation introduced during the OPC process to the system. The transmission reach distance under FEC limit would also be reduced by about half. The optimised launch power to achieve the lowest BER of the systems with OSNR degradations would be higher than that with ideal conditions. It would need to re-adjust the systems launch power and take the power penalty into consideration when conducting OBP experiments in the lab. The normal EDFAs used in the lab, without considering damages, would have a noise figure in the range of 4.5dB to 6dB. While in this range of noise figure, the OBP systems will not experience very much degradation in the outputs. The in-line amplifier noise figure is not crucial to OBP systems.
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